Infection with influenza A virus (IAV) presents a substantial threat to public health worldwide, with young, elderly, and immunodeficient individuals being particularly susceptible. Inflammatory responses play an important role in the fatal outcome of IAV infection, but the mechanism remains unclear. We demonstrate here that the absence of invariant NKT (iNKT) cells in mice during IAV infection resulted in the expansion of myeloidderived suppressor cells (MDSCs), which suppressed IAV-specific immune responses through the expression of both arginase and NOS, resulting in high IAV titer and increased mortality. Adoptive transfer of iNKT cells abolished the suppressive activity of MDSCs, restored IAV-specific immune responses, reduced IAV titer, and increased survival rate. The crosstalk between iNKT and MDSCs was CD1d-and CD40-dependent. Furthermore, IAV infection and exposure to TLR agonists relieved the suppressive activity of MDSCs. Finally, we extended these results to humans by demonstrating the presence of myeloid cells with suppressive activity in the PBLs of individuals infected with IAV and showed that their suppressive activity is substantially reduced by iNKT cell activation. These findings identify what we believe to be a novel immunomodulatory role of iNKT cells, which we suggest could be harnessed to abolish the immunosuppressive activity of MDSCs during IAV infection.
Introduction
Influenza A virus (IAV) infection is a major public health threat, with significant morbidity and mortality in the young, elderly, and immunodeficient (1) . There is evidence that pathological host responses, triggered by highly pathogenic IAV strains, including the pandemic 1918 H1N1 virus (2) and the more recent avian H5N1 virus (3) , are critical to disease progression and dissemination. Although neutralizing Abs and T cell immunity control IAV clearance (4), the role played by cells of the innate arm of the immune system remains unclear.
Studies published over the last few years have shown that alteration of cytokines during polymicrobial sepsis (5) , parasitic infections (6) , vaccinia virus infection (7) , and tumor development (8) (9) (10) (11) causes a progressive accumulation of myeloid cells in the spleen, lymph nodes, and BM. These cells, which express CD11b and Gr-1 markers and have recently been named myeloid-derived suppressor cells (MDSCs) (12) , comprise immature DCs (13) , immature macrophages (14) , and granulocytes (12) . It has been shown that MDSCs are capable of suppressing T cell proliferation and promoting tumor growth (15) , due to the expression of both NOS2 and arginase 1 (ARG1), resulting in the production of peroxynitrites under conditions of limited l-arginine availability (16) . The use of selective inhibitors of NOS2 and ARG1 has confirmed the role of both enzymes in mediating MDSC suppressive activity (17, 18) and indicated that MDSCs can modulate antigen-specific immune responses during acute and chronic inflammatory conditions. Mechanisms that modulate the frequency and activity of MDSCs in vivo remain ill defined. However, it has been shown that CD1d-restricted NKT cells (type II NKT cells) can enhance MDSC suppressive activity by secreting IL-13 (19) . It remains unclear whether invariant NKT cells (iNKT cells), which unlike type II NKT cells can be stained by CD1d/α-galactosylceramide (α-GalCer) tetramers, also play a role in modulating MDSC activity and phenotype.
iNKT cells are a subset of lymphocytes recognizing endogenous and/or exogenous glycolipid antigens in the context of CD1d molecules (20) . Several articles have demonstrated that iNKT cells facilitate antimicrobial and antitumor responses by bridging the innate and adaptive immune systems (20) . Mice lacking iNKT cells have an increased susceptibility to methylcholanthrene tumor induction, with earlier onset of the disease and a higher tumor incidence (21) . Similarly, numerous studies have addressed the role of iNKT cells in bacterial (22, 23) , mycotic (24) , and parasitic infections (25, 26) . Furthermore, mice deficient in CD1d-restricted T cells were shown to be more susceptible to infection with herpes simplex virus types 1 and 2 (HSV-1/HSV-2) (27, 28) , cytomegalovirus (29) , hepatitis B virus replication (30) , and diabetogenic encephalomyocarditis virus (31) . In CD1d-deficient BALB/c mice, numbers of respiratory syncytial virus-specific (RSV-specific) CD8 + MHC class Irestricted T cells were reduced, suggesting that CD1d-restricted T cells influence the adaptive immune response to RSV infection (32) . The activity of iNKT cells against viral infections is further confirmed by the presence of viral mechanisms capable of downregulating CD1d molecules (33) (34) (35) . However, it remains unclear whether iNKT cells can facilitate IAV-specific immune responses, contributing to survival of IAV-infected mice. Although recent results have indicated that iNKT cell activation improves disease course in IAV infection (36) , it has previously been shown that priming of CD1d -/mice with small doses of IAV enhanced their survival rate after challenge with lethal doses of IAV (37) . These results are consistent with the possibility that CD1d-restricted cells, including iNKT cells, are not necessary for protection against IAV. Alternatively, priming of CD1d -/mice with small doses of IAV may induce protective IAV-specific immune responses capable of protecting CD1d -/mice from a subsequent challenge with higher IAV doses. No experiments were carried out to distinguish between these two possibilities, and to date no articles to our knowledge have described the survival rate of naive CD1d -/or Jα18 -/-(i.e., iNKT -/-) mice injected with lethal doses of IAV. Although there is evidence that iNKT cells play an important role in combating viral infections, the mechanisms by which iNKT cells control viral infections remain unclear.
In this article, we have analyzed the crosstalk between iNKT cells and MDSCs and demonstrated that iNKT cells are able to control the frequency and activity of MDSCs during IAV infection, preventing IAV-induced high mortality rate and ensuring optimal IAV-specific immune response. These results underscore what we believe to be a previously unknown role of iNKT cells in abolishing MDSC suppressive activity and indicate that harnessing iNKT cells in vivo could assist antigen-specific immune responses by enhancing DC maturation and B cell activation, while minimizing MDSC suppressive activity.
Results
iNKT cell-dependent resistance to lethal intranasal injection of the IAV A/Puerto Rico/8/34. To assess whether iNKT cells play a role in controlling IAV infection, iNKT-deficient and CD1d -/mice were infected with IAV A/Puerto Rico/8/34 (PR8) (38) . We observed that
Figure
Adoptive transfer of iNKT cells mediates protection from lethal doses of PR8. WT, Jα18 -/-, and CD1d -/mice (n = 8/group) were injected intranasally with PR8 (3 × 10 4 PFU/mouse). Liver-purified iNKT cells were adoptively transferred i.v. into Jα18 -/-(Jα18 -/-+ iNKT) and CD1d -/-(CD1d -/-+ iNKT) mice 1 day after infection. (A) Increased mortality of Jα18 -/mice following PR8 infection is prevented by the adoptive transfer of iNKT cells. Survival rate is shown as the percentage of live mice at different time points after the infection. Data are representative of 5 separate experiments. (B) PR8 titer in Jα18 -/mice is reduced by the adoptive transfer of iNKT cells. Lung homogenates from PR8-infected mice were assayed for number of PFU 6 days after infection. Results of statistical analyses, performed using Student's t test, are shown. (C) Total number of NP366-374-specific CTLs in PR8-infected Jα18 -/mice is restored by the adoptive transfer of iNKT cells. The number of NP366-374-specific CTLs represents the average (±SD) of results obtained in n = 8 mice/group. Results of statistical analyses, performed using Student's t test, are shown. (D) Anti-PR8 Ab titers in PR8-infected Jα18 -/mice are restored by the adoptive transfer of iNKT cells. The titer of anti-PR8-specific IgG was measured 6 days after infection.
injection of high doses of PR8 (3 × 10 4 PFU) into Jα18 -/and CD1d -/mice resulted in increased mortality, as compared with the mortality rate of PR8-infected WT mice ( Figure 1A ). Consistent with these results, PR8-infected Jα18 -/and CD1d -/mice had higher IAV titer ( Figure 1B) and reduced percentage and absolute numbers of both PR8-specific CD8 + T lymphocytes ( Figure 1C and data not shown) and Abs ( Figure 1D ), when compared with PR8-infected WT mice. Since iNKT cell frequency was enhanced in the lungs of PR8-infected WT mice (data not shown), we assessed whether adoptive transfer of iNKT cells into PR8-infected Jα18 -/mice could enhance survival rate. We observed that the adoptive transfer of iNKT cells into PR8-infected Jα18 -/mice rescued the survival of a large proportion The suppressive activity of MDSCs from PR8-infected mice is reduced by treatment with anti-CD40 agonist Ab and NOS2 and ARG1 inhibitors. Lung-purified MDSCs were left untreated (black bars) or treated in vitro with either anti-CD40 agonist Ab (white bars) or with N G -monomethyl-l-arginine (L-NMMA) and NOHA (light gray bars) and then added to OT-I splenocytes. Proliferation of unpulsed OT-I splenocytes in the absence of MDSCs is shown (dark gray bars). (E) Adoptive transfer of MDSCs from infected mice suppresses the expansion of UTY246-254-specific CD8 + T cell responses. UTY246-254 CTL responses were assessed in vaccinated mice injected with MDSCs from PR8-infected mice (see Methods). H-2D b /UTY246-254 tetramer (UTY246-254D b tetramer) versus CD8 dot plots are shown for gated propidium iodide-negative lymphocytes, and the percentage of cells staining positively with the tetramers is indicated. In A-E, data represent the average ± SD of n = 5 mice/group, and results of statistical analyses, performed using Student's t test, are shown.
of infected mice ( Figure 1A ) and was associated with an increase in the frequency and absolute numbers of PR8-specific T cell and Ab responses ( Figure 1 , C and D, and data not shown) and with a reduction of IAV titer ( Figure 1B ). We confirmed that the protective effect of the adoptively transferred liver purified iNKT cells into PR8-infected Jα18 -/mice was iNKT cell dependent by demonstrating that injection of liver-purified lymphocytes, sorted with anti-TCR-β and -CD5 and depleted of iNKT cells by CD1d/α-GalCer tetramer-guided sorting, failed to increase the survival of PR8infected Jα18 -/mice (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI36264DS1). Furthermore, to rule out that the protective effect of the adoptively transferred iNKT cells was due to their in vitro activation by the anti-TCR-β Ab, we demonstrated that the injection of iNKT cells into PR8-infected CD1d -/mice failed to protect them from PR8 infection and did not have any effect on PR8 virus titer and PR8specific immune responses ( Figure 1 ).
These results indicate that iNKT cells play an important role in controlling IAV PR8 virus infection and that this effect is CD1d dependent.
Adoptive transfer of iNKT cells significantly reduces the suppressive activity of PR8-expanded MDSCs. It has previously been shown that lungs of IAV-infected mice are infiltrated by neutrophils expressing CD11b and Gr-1 markers (39, 40) . Since it is known that alteration of cytokines during acute and chronic inflammations results in the expansion of ARG-1- and NOS-expressing MDSCs (i.e., CD11b + Gr-1 + cells) (10) and since cytokines and chemokines are elevated during influenza virus infection (3, 41) , we measured the frequency and activity of MDSCs in the lungs of PR8-infected WT, Jα18 -/-, and CD1d -/mice ( Figure 2A ). We observed an expansion of the percentage and absolute numbers of MDSCs in PR8-infected mice, which was greater in infected Jα18 -/and CD1d -/mice than in infected WT mice ( Figure 2A and data not shown). It is worth noting that infection of WT mice with PR8 induces an expansion of MDSCs (~5%), as compared with the percentage of MDSCs present in naive WT mice ( Figure 2A ). Importantly, injection of iNKT cells in Jα18 -/mice, but not in CD1d -/mice, resulted in the reduction of MDSCs (Figure 2A) . A large proportion of PR8-induced MDSCs in WT and Jα18 -/mice expressed CD1d, CD40, and the neutrophil marker 7/4 (data not shown). Injection of lower doses of PR8 (3 × 10 2 PFU), while confirming the higher frequency of MDSCs in Jα18 -/than in WT mice, showed that Jα18 -/mice were capable of controlling sublethal PR8 infection and that the numbers of PR8-induced MDSCs declined to background levels by day 30 after the infection ( Figure 2B ).
To investigate the functional activity of PR8-induced MDSCs, we set up a proliferation assay using CFSE-labeled OT-I cells as responders. Consistent with the observation that PR8 infection of WT mice induces a small but reproducible increase in MDSCs (Figure 2A ), we demonstrated that MDSCs purified from PR8infected WT mice induced a partial inhibition of OT-I proliferation (~25%-30% inhibition). However, MDSCs isolated from the lungs of PR8-infected Jα18 -/and CD1d -/mice, when normalized
The crosstalk between iNKT and MDSCs is CD1d and CD40 dependent. (A) Loss of ARG1 and NOS2 activity in α-GalCer-pulsed MDSCs incubated with BM-derived iNKT cells. MDSCs were treated with α-GalCer in the presence of iNKT cells and collected at different time points. ARG1 and NOS2 activities were measured using a colorimetric assay to evaluate urea and nitrate/nitrite release, respectively (17, 18) . An ELISA was used to evaluate IL-12p40 production. Values are shown as a percentage relative to time point 0. The maximum amount of urea released by untreated MDSCs (1 × 10 6 ) was 91.7 μg. The maximum amount of NO2and NO3measured in the supernatant of untreated MDSCs was 120 μM. The maximum amount of IL-12p40 was 200 ng/ml. for the same number of cells added to OT-I splenocytes, showed a significantly greater suppressive activity on in vitro proliferation of CFSE-labeled OT-I splenocytes ( Figure 2C ). In addition, their adoptive transfer into naive mice inhibited the ability of recipients to mount antigen-specific immune responses (Figure 2E ). To identify the mechanisms controlling PR8-induced MDSC-mediated suppressive activity, we established that OT-I proliferation could be rescued either by treatment of MDSCs with inhibitors of ARG1 and NOS activity or by incubating them with anti-CD40 agonist Ab ( Figure 2D ). Finally, adoptive transfer of iNKT cells into Jα18 -/mice significantly reduced both in vitro and in vivo the suppressive activity of PR8-induced MDSCs to levels similar to those observed with MDSCs purified from PR8-infected WT mice, while adoptive transfer of iNKT cells into CD1d -/mice had no effect on the suppressive activity of PR8induced MDSCs (Figure 2 , C and E).
These results demonstrate that lungs of Jα18 -/and CD1d -/mice infected with PR8 have higher numbers of infiltrating MDSCs compared with WT mice and identify the suppressive mechanisms by which lung-infiltrating MDSCs inhibit T cell proliferation, highlighting a direct link between the presence of iNKT cells in PR8-infected mice and lack of suppression by MDSCs.
The ability of iNKT cells to reduce the suppressive activity of MDSCs is CD40-CD40L dependent. In order to further study the crosstalk between iNKT cells and MDSCs and understand the mechanisms by which iNKT cells abolish PR8-induced suppressive activity of MDSCs, further experiments were carried out using BM-derived MDSCs. We confirmed that GM-CSF-differentiated BM-derived MDSCs express CD11b, Gr-1, CD1d, and CD40 (Supplemental Figure 2A ) and have ARG1 and NOS2 activity, as defined by their ability to generate urea and peroxynitrites ( Figure 3A , time point 0 hours) (42) . We also demonstrated that BM-derived MDSCs were capable of inhibiting in vitro proliferation of splenocytes from OT-I mice ( Figure 3B , top left panel), even in the presence of peptide-pulsed matured DCs (Supplemental Figure 2B ). Pulsing MDSCs with 100 ng of the iNKT cell agonist α-GalCer in the presence of iNKT cells (Supplemental Figure 2C ) led to the reduction of ARG1 and NOS2 activity and to the enhanced secretion of IL-12p40 ( Figure 3A ). No secretion of IL-23 and IL-12p70 was observed (data not shown). Although previous reports have demonstrated that IL-12p40 reduces IL-12-mediated Th1 responses in vivo by blocking the binding of IL-12 or IL-23 to their receptors (43, 44) , it is unlikely that the enhanced secretion of IL-12p40 by MDSCs either treated with TLR ligands (TLR-Ls) (see below) or incubated with iNKT cells had an inhibitory effect, as defined by the in vivo and in vitro enhanced immune responses. As a control, we confirmed that MDSCs pulsed with 100 ng of α-GalCer were not lysed by iNKT cells (Supplemental Figure 3 ) and that incubation of CFSE-labeled α-GalCer-pulsed CD11c -MDSCs with iNKT cells led to their differentiation into CD11c + cells (Supplemental Figure 3 ) and upregulation of CD86 and MHC class II expression (data not shown).
We further investigated the effect of α-GalCer on BM-derived MDSC suppressive activity by assessing their ability to suppress CFSE-labeled OT-I proliferation ( Figure 3 , B and C). We showed that pulsing MDSCs with α-GalCer in the presence of BM-resident iNKT cells from WT mice (Supplemental Figure 2C with BM-derived cells from Jα18 -/-( Figure 3B , top and bottom middle panels) and CD1d -/mice ( Figure 3B , top and bottom right panels). The effect of iNKT cells on MDSC suppressive activity was CD40 and CD40L dependent, as defined by the results of experiments carried out with CD40 -/and CD40L -/mice ( Figure 3C , middle row, middle and right panels) and the use of agonist anti-CD40 Ab ( Figure 3C , bottom row, middle and right panels).
Collectively, our findings demonstrate that the in vitro activation of iNKT cells by α-GalCer-pulsed MDSCs leads to phenotypic and functional differentiation of MDSCs, events that are dependent on CD40-CD40L interaction.
TLR-L treatment and IAV infection of MDSCs relieves MDSC suppressive activity. Since it has previously been shown that TLR-dependent maturation of DCs can foster the interaction between DCs and iNKT cells (20, (45) (46) (47) , we assessed whether either incubation of MDSCs with TLR-L or infection of MDSCs with IAV, in the presence or absence of iNKT cells, could modulate MDSC suppressive activity. We showed that incubation of MDSCs with TLR3 (poly I:C), TLR7/8 (R848), and TLR9 (CpG 2216) agonists, in the absence of iNKT cells, partially relieved MDSC suppressive activ-ity on CFSE-labeled OT-I proliferation ( Figure 4A ) and resulted in IL-12p40 secretion (data not shown). We showed that addition of iNKT cells to TLR-L-treated MDSCs further reduced MDSCs dependent suppressive activity ( Figure 4A ) and enhanced IL-12p40 production (data not shown). It is worth noting that LPS failed to relieve MDSC suppressive activity, at a broad range of different concentrations, in both the presence and absence of iNKT cells (data not shown). Subsequent experiments demonstrated that CpG and poly I:C-treated MDSCs were capable of activating iNKT cells and that such activation was CD1d dependent, as defined by the lack of IFN-γ and IL-4 secretion in the presence of anti CD1dblocking Abs ( Figure 4B ).
The capacity of a range of TLR-Ls to reduce MDSC-dependent suppressive activity raised the possibility that the ability of iNKT cells to reduce the MDSC suppressive activity in PR8-infected mice could be accounted for by direct crosstalk between PR8-infected MDSCs and iNKT cells. Consistent with the observation that lunginfiltrating MDSCs purified from PR8-infected mice are infected by PR8 virus (Supplemental Figure 4A ), we showed that BM-derived MDSCs could be infected by PR8 (Supplemental Figure 4B ) and that PR8-infected MDSCs were capable of activating iNKT cells, as defined by the secretion of IFN-γ and IL-4 ( Figure 4C ).
These results are consistent with the observation that TLR-Ltreated MDSCs can foster the interaction with iNKT cells and provide important insights into the mechanisms controlling the crosstalk between iNKT cells and MDSCs in PR8-infected mice.
MDSCs derived from a mouse model of glycosphingolipid storage disease fail to stimulate iNKT cells. To further investigate the mechanisms that control the crosstalk between iNKT cells and TLR-L-treated MDSCs, we used MDSCs derived from β-hexosaminidase A/Bdeficient (Hexβ -/-) mice, which are unable to activate iNKT cells due to the accumulation of glycosphingolipids (GSLs) in the endolysosomal compartment (48) (49) (50) . We showed that the crosstalk between iNKT cells and CpG- or poly I:C-treated MDSCs is compromised in GSL storage disorders ( Figure 5, A and B) , although TLR-L incubation of Hexβ -/derived MDSCs upregulates CD1d expression and results in enhanced IL-12 secretion (Supplemental Figure 5 ). The partial proliferation of OT-I splenocytes in the presence of Hexβ -/derived MDSCs treated with CpG ( Figure 5B ) is due to a direct effect of TLR9 signaling events on MDSCs, which is consistent with the results shown in Figure 4A , indicating that incubation of MDSCs with the TLR9 agonist CpG, in the absence of crosstalk with iNKT cells, results in a partial relief of MDSC suppressive activity on OT-I proliferation. We extended these results by demonstrating that incubation of CpG- and poly I:C-treated MDSCs with the specific inhibitor of GSL biosynthesis N-butyldeoxygalactonojirimycin (NB-DGJ) (51) reduced the ability of iNKT cells to relieve the suppressive activity of MDSCs, as defined by reduced CFSE-labeled OT-I proliferation ( Figure 5C ). Consistent with previous findings (45, 46) , these results indicate that TLR agonists, in addition to having a direct maturation effect on MDSCs, induce the upregulation of endogenous iNKT cell ligand(s), which results in the activation of iNKT cells and further relief of MDSC suppressive activity. Incubation of Hexβ −/− derived cells with TLR-L, while failing to facilitate the crosstalk between MDSCs and iNKT cells, does not abolish a direct TLR-L maturation effect on MDSCs, which results in partial relief of MDSC suppressive activity.
Based on investigations in Hexβ −/− mice, iGb3 was proposed to be the endogenous ligand essential for the positive selection of mouse iNKT cells in the thymus (48) . Although iGb3 can stimulate iNKT cells in vitro (48, 52) , there is currently no direct evidence supporting the hypothesis that iGb3 plays a role as an endogenous selecting ligand in vivo. Furthermore, studies in iGb3 synthasedeficient (iGb3S −/− ) mice, with a deletion of the catalytic region of the iGb3S gene, demonstrated that in the absence of detectable isoglobo-series of GSLs (iGb3, iGb4, and iGb5), the frequency and phenotype of iNKT cells were not altered (53) . We have now extended these results by demonstrating that iGb3 is not necessary for the crosstalk between iNKT cells and CpG-matured MDSCs, since CpG-treated MDSCs derived from iGb3S -/mice were still able to activate in a CD1d-dependent manner liver-purified iNKT cells from WT mice ( Figure  5 , A and B, right panels, and Supplemental Figure 5A ).
These results indicate that the crosstalk between iNKT cells and TLR-L-matured MDSCs is prevented by conditions in which loading of endogenous ligand(s) onto CD1d molecules is compromised either by the accumulation of GSL endolysosomal storage or by alteration of GSL biosynthesis.
Expansion of human MDSCs during IAV infection. Having characterized the interaction between mouse iNKT cells and MDSCs derived from an IAV infection model, we extended these results by assessing whether human iNKT cells have a similar effect on human MDSCs. We showed that incubation of healthy donor CD11b + monocytes with low doses of GM-CSF (5 ng/ml) led to their differentiation into cells capable of suppressing T cell proliferation in a mixed lymphocyte reaction (MLR) ( Figure 6A ). Consistent with recently published data (54), a similar inhibition of T cell proliferation was obtained by sorting CD14 + cells and incubating them with GM-CSF (data not shown). The suppressive activity of GM-CSF-differentiated CD11b + cells could be pharmacologically relieved by adding inhibitors of ARG1 and NOS2 ( Figure 6A ). Interestingly, we showed that the suppressive activity of GM-CSF-treated CD11b + cells was relieved by either PR8 infection ( Figure 6B ) or incubation with TLR-L in the presence of added human iNKT cells ( Figure 6C ). These results are consistent with our previous findings obtained with mouse MDSCs and demonstrate that incubation of human GM-CSF-differentiated CD11b + cells with either IAV or TLR-L enhances their ability to crosstalk with human iNKT cells, thus restoring optimal MLR proliferation.
It has previously been shown that MDSCs are expanded in tumor patients (9) . However, it remains unclear whether immunosuppressive monocytes are expanded during viral infections in humans and whether harnessing iNKT cells can abolish their suppressive activity. To address these questions, we collected CD11b + cells from PBLs of individuals at 2 different time points: while they were clinically healthy (first time point) and within 30-60 days after respiratory illness onset (second time point) ( Figure 7 and Table 1 ). To prove that the respiratory illness was caused by IAV infection, ex vivo analysis of the suppressive activity of CD11b + cells was correlated with the hemagglutination inhibition (HI) Ab titer specific for H3N2 and H1N1 IAV strains, which circulated during the time period over which the human material was collected ( Table 1) .
The results of these experiments showed that ex vivo purified peripheral blood CD11b + cells collected at the time of IAV seroconversion suppressed MLR proliferation (Figure 7 , A-C), as compared with MLR proliferation obtained with CD11b + cells purified from the same individuals before the respiratory symptoms and in the absence of detectable IAV-specific Ab response ( Table 1) . As a further control, we showed that CD11b + cells collected at different time points from individuals with undetectable IAV-specific Ab and without acute respiratory illness symptoms failed to inhibit MLR proliferation (Figure 7 , D and E, and Table 1 ). The suppressive activity of MDSCs (i.e., CD11b + cells) collected from IAV-infected individuals could be reduced in vitro by incubating MDSCs with either ARG1 and NOS2 inhibitors or with α-GalCer in the presence of iNKT cells (Figure 7) , at a MDSC/iNKT cell ratio (1:0.25) that did not cause iNKT cell-dependent MDSC lysis (Supplemental Figure 7B ) and yet was capable of activating iNKT cells (Supplemental Figure 7C ). Finally, we collected blood samples from 5 additional individuals within a short time (between 15 and 30 days) after onset of acute respiratory illness. Although for these donors, we did not have access to blood samples collected before the onset of the acute respiratory illness, we demonstrated the presence of high H3N2 (donors 6 and 10) and H1N1 (donors 7-9) IAV-specific Ab titer (Table 1 ) and demonstrated the suppressive activity of CD11b + cells, which was relieved by ARG1 and NOS2 inhibitors or by activating iNKT cells (Supplemental Figure 7A ). In conclusion, these results demonstrate the expansion of monocytes with a suppressive phenotype during acute IAV infections, which can be markedly reduced either by inhibiting the activity of ARG1 and NOS2 or harnessing iNKT cells.
Discussion
The results of the experiments described in this study highlight 3 main findings: (a) the enhanced susceptibility of Jα18 -/and CD1d -/mice to PR8 infection; (b) the expansion of MDSCs with a suppressive phenotype during PR8 infection in Jα18 -/and CD1d -/mice; and (c) the ability of adoptively transferred iNKT cells to markedly reduce the suppressive activity of MDSCs in Jα18 -/mice but not in CD1d -/mice, hence restoring immunocompetence and ability to clear PR8 infection. Finally, we showed the presence of myeloid cells with a suppressive phenotype in PBMCs of IAVinfected individuals and the ability of human iNKT cells to abolish their suppressive phenotype. These results underscore what we believe to be a novel role of iNKT cells, as cells capable of modulating immunological suppressive mechanisms that are activated during acute inflammatory processes.
Although the mechanisms by which PR8 infection induces increased mortality of Jα18 -/and CD1d -/mice and expansion of MDSCs remain unclear, chemokines (i.e., IP-10, MCP-1, and the neutrophil chemoattractant IL-8) and cytokines were shown to be elevated during IAV infection (3, 41) . Recent results have shown that mice infected with the 1918 pandemic virus and highly pathogenic H5N1 virus elicit high levels of proinflammatory cytokines and lung infiltration of macrophages and neutrophils (55) . These results were further extended in macaques with a lethal infection of 1918 influenza virus (2) and were consistent with postmortem studies in patients infected with the human IAV H5N1, which demonstrated a predominance of macrophages and neutrophils in pulmonary infiltrates (3) . Our studies support these findings, as the lungs of PR8-infected Jα18 -/and CD1d -/mice are infiltrated by large numbers of a heterogeneous population of cells, endowed with the ability to suppress T cell proliferation and expressing markers of macrophages and neutrophils, as defined by the expression of CD11b, Gr-1, and 7/4 markers. Consistent with our observation that the suppressive activity of lung-infiltrating MDSCs can be relieved by using ARG1 and NOS2 inhibitors, it has previously been shown that neutrophils express both ARG1 and NOS2 and that these cells are capable of suppressing T cell proliferation by reducing arginine levels through ARG1 activity (56, 57) .
It is likely that the effect of iNKT cells in controlling PR8 infection is mediated by several mechanisms, including their ability to assist T and B cell responses by maturing DCs and activating B cells (58) (59) (60) . It is also known that secretion of IFN-γ and IL-12, resulting from activation of iNKT cells and DCs, selectively induces bystander activation of NK cells, B cells, and CD4 + T cells and CD8 + cytotoxic T lymphocytes (61) (62) (63) . Consistent with this notion, it has been shown that activation of iNKT cells enhances NK-dependent murine cytomegalovirus (MCMV) immune response (64) . Our results extend these previous findings by demonstrating that iNKT cells can restore the expansion of PR8-specific immune responses by relieving the suppression imposed by MDSCs and restoring PR8-specific immune responses. Although crosstalk between iNKT cells and CD11b + Gr-1 + cells has previously been described (65) (66) (67) , these studies did not analyze the suppressive activity of CD11b + Gr-1 + cells on antigen-specific T cells.
The activation of iNKT cells by TLR-L-treated BM-derived MDSCs may be accounted for by many mechanisms, including enhanced secretion of soluble factors and increased expression of CD1d and costimulatory molecules (20, 47) . Furthermore, incubation of BM-derived MDSCs with TLR-L may result in the upregulation of endogenous iNKT cell ligand(s), as TLR signaling events can modulate the lipid biosynthetic pathways of human and mouse DCs (45, 46) . Although all these factors may contribute to the crosstalk between iNKT cells and TLR-L-treated BM-derived MDSCs, the lack of iNKT cell activation using either MDSCs from mice with GSL storage disease or MDSCs pretreated with the GSL inhibitor NB-DGJ indicate that conditions preventing optimal synthesis and/or loading of endogenous ligand(s) onto CD1d molecules may compromise the crosstalk between iNKT cells and MDSCs. Since it is known that IAV infection matures DCs mainly by binding of single-stranded RNA (ssRNA) to TLR7 (68) and of ssRNA bearing 5′-phosphates to retinoic acid-inducible gene I (RIG-I) (69, 70) , it is possible that PR8-dependent activation of MDSCs could be due to similar mechanisms. We observed that LPS can facilitate the crosstalk between human MDSCs and iNKT cells. In contrast, the suppressive activity of mouse MDSCs is not reduced by the TLR4 agonist LPS or by its nontoxic derivative MPL, at a broad range of different concentrations, while the amount of IL-12p40 is significantly enhanced. The dichotomy of TLR4 signaling events in the suppressive activity of mouse and human MDSCs is of interest and warrants further investigation.
Since MDSCs have previously been described mainly in tumor models, it is important to compare the frequency and activity of MDSCs expanded during viral infections and tumor growth. While it was shown that the frequency of MDSCs in tumor-bear-ing WT mice continued to increase in proportion to tumor size (15) , injection of sublethal doses of PR8 (300 PFU) showed that the highest frequency of lung-infiltrating MDSCs occurred during the acute phase of the infection and peaked at approximately day 20 after the infection. Similar kinetics of MDSC expansion was seen after injection of the less-aggressive H17 IAV (H3N2) (71) into Jα18 -/mice, which only caused severe weight loss in infected mice and a peak of lung-infiltrating MDSCs at day 9 after the infection (Supplemental Figure 6 and data not shown). Continuing expansion of the numbers of MDSCs during tumor growth and the ability of MDSCs purified from tumor-bearing, as compared with PR8-infected WT mice, to inhibit T cell proliferation could be accounted for by the hypothesis that the balance between MDSC activatory and inhibitory mechanisms is skewed in tumor-bearing mice toward immunosuppression and MDSC expansion. This may be due to tumor-dependent activation of type II NKT cells, previously shown to enhance MDSC suppressive activity (72), combined with the relatively low quantity of TLR-Ls. In contrast, the abundance of TLR-Ls during microbial infections, as compared with during tumor growth, activates iNKT cells, which provides more efficient control of the MDSC suppressive activity.
Finally, we extended the results obtained from IAV-infected mice to human-derived MDSCs. We showed that the suppressive effect of GM-CSF-treated CD11b + monocytes could be significantly reduced either by the addition of ARG1 and NOS inhibitors or by harnessing iNKT cell activity via TLR-L treatment or PR8 infection. More importantly, we showed that, unlike CD11b + monocytes from healthy donors, CD11b + monocytes collected within a short time after IAV infection and tested without incubation with GM-CSF were capable of suppressing MLR proliferation. Their treatment with either ARG1 and NOS inhibitors or with α-GalCer and iNKT cells restored normal T cell proliferation. A more in-depth analysis is warranted to establish the kinetics of MDSC expansion during IAV infection and to compare the frequency of MDSCs with both the numbers of iNKT cells and the activity of IAV-specific CD8 + and CD4 + T cells.
In conclusion, our results identify the interaction between iNKT cells and MDSCs as an important mechanism modulating MDSC suppressive activity during IAV infection. Since MDSCs also expand in cancer patients (9) , our observation that iNKT cells play a central role in augmenting both T and B cell anti-IAV responses by abolishing MDSC suppressive activity suggests that harnessing iNKT cell activity should be considered as a treatment during viral infections and tumor growth.
Methods
Reagents. UTY246-254 H-2D b , NP366-374 H-2D b , and OVA257-264 H-2K b fluorescent tetrameric complexes (tetramers) (58) and CD1d/α-GalCer tetramers (73) were prepared as previously described. α-GalCer was solubilized at 200 μg/ml in vehicle (0.5% Tween-20/PBS). The Abs used for FACS analysis were CD11b, Gr-1-biotin/streptavidin, CD86, CD11c, MHC class II, and TLR9 (all from eBioscience); and CD1d, CD40, CD3, and CD8 (BD). Dead cells were stained with bisbenzimide (Sigma-Aldrich) or propidium iodide (Sigma-Aldrich). Samples were acquired on a FACSCalibur with CellQuest software (BD) or on a CyAn cytometer (Dako) and analyzed with FlowJo software. The anti-CD40 agonist Ab was provided by P. Lane (University of Birmingham) (74) , and the anti-mouse CD1d blocking Ab 3C11 was provided by J. Yewdell (NIH, Bethesda, Maryland, USA). Influenza virus strain PR8 (H1N1) was provided by Keith Gould (Imperial College London, London, United Kingdom) (38) . Vaccinia virus encoding the UTY246-254 was engineered and expanded as previously described (75) . NOS2 and ARG1 inhibitors N G -monomethyl-l-arginine (L-NMMA; Calbiochem) and N-hydroxy-l-arginine (NOHA; Calbiochem) were used at 500 μM and added to cultures containing MDSCs, DCs, and T lymphocytes.
Mice. All mice were maintained in the Biological Services Unit, John Radcliffe Hospital, University of Oxford. Approval of care and use was obtained from the Clinical Medicine Ethical Review Committee, University of Oxford, under the authority of a UK home office project license. Female C57BL/6 (B6) mice (aged 6-8 weeks) were used. CD1d -/mice were provided by L. Van Kaer (Vanderbilt University School of Medicine, Nashville, Tennessee, USA) (76) and were backcrossed 10 times onto the B6 background. Also used were mice lacking the Jα18 TCR gene segment (77) , which were devoid of Vα14 iNKT cells, while having other lymphoid cell lineages intact (iNKT -/mice). CD40L -/and CD40 -/mice were purchased from The Jackson Laboratory and backcrossed 10 times onto the B6 background (78) . The Hexβ -/- (79) and iGb3S -/-(53) mice were maintained and genotyped according to published methods. Sandhoff Hexβ -/-(mouse model of Sandhoff disease) and iGb3S -/mice had been backcrossed at least 6 times before use. Heterozygote littermates and age-matched B6 mice, as appropriate, were used as controls. OT-I TCR transgenic mice were provided by M. Merckenschlager (Imperial College London) and backcrossed 8 times onto the B6 background.
In vivo PR8 infection. Female B6 mice (aged 6-8 weeks) were inoculated intranasally with 3 × 10 4 PFU of PR8.
Virus titer. To quantify PR8 virus titer, lungs from PR8-infected mice were harvested 3 days after infection and homogenized. Confluent monolayers of MDCK cells were incubated with 3-fold dilutions of lung homogenates at 37°C for 30 minutes. Equal volumes of type I agarose (1.8% in distilled water, and autoclaved) (Sigma-Aldrich) and MEM containing 2% BSA, 1% glutamine, and 1 μg/ml trypsin (Sigma-Aldrich) were heated at 42°C for at least 45 minutes before mixing and overlaying on infected cells. Agarose layers were left to set at room temperature. The plates were incubated at 37°C and plaques counted on day 2. The MDCK cell monolayers were fixed and stained with fixing solution (37% formaldehyde and 1% crystal violet) overnight. The plates were then washed and plaques were counted. PFU per lung was determined according to the equation PFU = number of plaques × dilution factor × (total volume of lung homogenate/volume of dilution added to monolayers).
Isolation and culture of mouse MDSCs. For purification of MDSCs from PR8-infected mice, lungs were collected within 4-6 days after infection of mice with PR8 (3 × 10 4 PFU/mouse) and digested with collagenase type 2 (Worthington Biochemical Corp.) for 20 minutes. MDSCs were purified from lung homogenates using biotin-conjugated rat anti-mouse Gr-1 Ab and streptavidin-coated magnetic beads following the manufacturer's instructions (Miltenyi Biotec). For purification of mouse BM-derived MDSCs, BM cells were cultured in complete medium with 1 ng/ml GM-CSF. On day 5, CD11c + cells were removed with anti-CD11c-coated magnetic beads (Miltenyi Biotec), and Gr-1 + CD11b + CD11ccells were purified using biotin-conjugated rat anti-mouse Gr-1 Abs (eBioscience) and streptavidin-coated magnetic beads (Miltenyi Biotec). BM-derived MDSCs (1 × 10 6 /well) were treated with (a) α-GalCer (0.4 μg/ml); (b) TLR-Ls poly I:C (0.4 μg/ml; Sigma-Aldrich), R848 (0.4 μg/ml; PharmaTech), or CpG 2216 (4 μg/ml; GGGGGACGATC-GTCGGGGGG; Coley, Pfizer) in complete medium for 48 hours; or (c) PR8 (2.5 × 10 4 PFU) in RPMI at 37°C, 5% CO2 for 1 hour, washed 3 times, and cocultured with liver-purified iNKT cells or OT-I splenocytes.
Identification of human subjects. Samples from 89 healthy volunteers were collected over a 24-month period. Sampling involved taking whole blood PBMCs, with residual sera/plasma collected and retained for Ab assays. Informed consent was obtained from all participating individuals prior to the study. Ethical approval was obtained from the Oxford Tropical Research Ethics Committee (OXTREC), University of Oxford.
Isolation and differentiation of human MDSCs. Human MDSCs were generated from peripheral blood monocytes. Healthy donor MDSCs were differentiated from CD11b + cells by culturing them with 5 ng/ml GM-CSF for 4 days, using a recently described protocol (54) . MDSCs purified from IAV-infected patients were sorted from PBMCs using CD11b beads. α-Gal-Cer and TLR-L were added to human MDSCs for 24 hours in the presence of iNKT cells. PR8 (2.5 × 10 4 PFU) was added to MDSCs in RPMI at 37°C, 5% CO2 for 1 hour, and then cells were washed 3 times and cocultured with iNKT cells for 24 hours and then irradiated (50 Gy).
Isolation of mouse iNKT cells. Liver iNKT cells were prepared by generating single-cell suspensions of perfused livers of naive WT mice. iNKT cells were enriched by overlaying 80% Percoll with cells resuspended in 40% Percoll. Cells were centrifuged at room temperature at 1,783 g continuously for 25 minutes. Cells were collected from the interphase, and iNKT cells were further enriched by sorting with anti-TCR-β and anti-CD5 Abs (eBioscience). In all the experiments shown, the percentage of iNKT cells, as measured by CD1d/α-GalCer tetramer staining, was greater than 50%. This protocol was very reproducible, as iNKT cell frequency was less than 50% in only 1 experiment, where it was 14% (data not shown). Sorting with anti-TCR-β Ab did not activate iNKT cells, as shown by the lack of IFN-γ and IL-4 secretion by sorted iNKT cells (see Figures 4 and 5) . In the experiment shown in Supplemental Figure 1 , liver-purified iNKT cells were simultaneously stained with anti-CD5 and anti-TCR-β Abs and CD1d/α-GalCer tetramers, and triple-positive cells, representing 75% of the total population, were removed. In the adoptive transfer experiments, 3 × 10 5 iNKT cells were transferred i.v. into PR8-infected mice, 24 hours after the infection. iNKT cells were purified following the protocol described above from either WT mice or from Vα14 TCR transgenic mice (80), provided by A. Lehuen (INSERM U561, Hôpital Saint Vincent de Paul, Paris, France), using only Percoll gradient purification, without sorting with anti-TCR-β and anti-CD5 Abs.
Human iNKT cells. iNKT cells were generated from healthy blood donors as described by Salio et al. (45) .
Mouse DC differentiation. Mouse DCs were differentiated from BM in complete medium in the presence of 20 ng/ml GM-CSF and 20 ng/ml IL-4 (Peprotech) for 7 days. Fresh complete medium, GM-CSF, and IL-4 were added every 2 days.
Human DCs. Human DCs were generated by culturing monocytes for 4 days in RPMI/10% FCS supplemented with 50 ng/ml GM-CSF (Peprotech) and 1,000 U/ml IL-4 (45) .
OT-I proliferation assays. Splenocytes from OT-I TCR transgenic mice were pulsed with 2 μg/ml of SIINFEKL peptide for 1 hour at 37°C, washed, and labeled with 5 μM CFSE. Treated or untreated MDSCs (3 × 10 4 ) were cultured in 96-well flat-bottom plates with 3 × 10 5 CFSE-labeled OT-I splenocytes. Cells were analyzed using a FACSCalibur with CellQuest software 4 days later. The data are expressed as the percentage of proliferation of SIINFEKL peptide-pulsed and CFSE-labeled-OT-I splenocytes in the presence of MDSCs compared with proliferation of SIINFEKL peptide-pulsed and CFSE-labeled OT-I splenocytes in the absence of MDSCs (100%). The addition of L-NMMA and NOHA to OT-I splenocytes in the absence of MDSCs did not affect OT-I proliferation (data not shown).
Measuring activity of MDSC enzymes. ARG1 and NOS2 activities of α-Gal-Cer-pulsed BM-derived MDSCs cocultured with BM-derived iNKT cells were assessed at different time points. NOS2 activity was measured from supernatants by Griess reaction as the amount of NO3and NO2produced using a nitrate/nitrite assay kit (Cayman Chemical) (17) . ARG1 activity was measured in cell lysates, as previously described (17) .
Prime-boost vaccination. MDSCs (5 × 10 6 ) purified from female mice were injected i.v. into female recipients. On the same day, BM-derived DCs (1 × 10 6 ) from male mice, were injected i.v. in the opposite tail vein. A week later, mice were boosted with 10 6 PFU of UV-inactivated vaccinia virus encoding the UTY246-254 peptide (75) .
Anti-IAV Ab measurements. Plasma taken from 89 individuals was stored at -80°C prior to assay for the presence of HI Abs. Samples were treated with receptor-destroying enzyme for 16 hours at 37°C (13 v/v), followed by inactivation at 56°C (RDE; Denka Seiken Co.). HI assays were performed in duplicate using standard protocols (81) ELISA. For measurement of cytokine production, supernatants of MDSCs cocultured with BM-derived iNKT cells were collected at different time points. The amount of IL-12p40, IFN-γ, and IL-4 was measured using an ELISA kit (eBioscience). For measurement of IgG Ab levels, sera from PR8-infected mice were collected 6 days after infection and Ab titers were determined by coating 96-well NUNC MaxiSorp plates with 5 μg/ml of PR8 virus overnight at 4°C. The plates were washed with PBS and blocked with 1% of BSA for 1 hour at room temperature. Serial dilutions of the serum samples were plated for 2 hours at room temperature. Plates were then washed, and HRP-coupled goat anti-mouse IgG was added for 1 hour. Color reactions were developed with 3,3′,5-5′-tetramethylbenzidine (TMB; Sigma-Aldrich), and the absorbance was measured at 490 nm.
RT-PCR. Human and mouse MDSCs that were infected in vitro or in vivo were checked for infection by RT-PCR using the following NP primers: forward, TGATCGGAACTTCTGGAGGG and reverse, TGGCCCAGTACCT-GCTTCTC. As control, we used mouse GAPDH - forward, CCAGGTT-GTCTGCGACTT and reverse, CCTGTTGCTGTAGCCGTATTC; human GAPDH-reverse primer - forward, CCAGCCGAGCCACATCGCTC and reverse, ATGAGCCCCAGCCTTCTCCAT.
Statistics. Two-tailed Student's t test was used to compare the significance of the difference between the mean of 2 groups in relation to the variation in the data. P values of 0.05 or less were considered significant. Error bars in all figures denote SD.
